The adsorption configurations of N-methylpyrrole on Si(111)-7ϫ7 were investigated using high-resolution electron energy-loss spectroscopy, x-ray photoelectron spectroscopy ͑XPS͒, scanning tunneling microscopy ͑STM͒, and density function theory calculations. Compared to physisorbed N-methylpyrrole, chemisorbed molecules present a different vibrational feature at 2886 cm Ϫ1 attributable to ͓(Si)C sp3 -H͔ in addition to the vibrational features of (sp
I. INTRODUCTION
The study of semiconductor surface electronic structures has been one of the most active areas of surface science. Although the correlation of surface electronic structures with physical properties was well understood, its relation with surface chemical reactivity is still to be established.
1,2 This knowledge, however, is scientifically and technologically important in developing new semiconductor-based devices and designing molecular electronics. Recent studies demonstrated that Si(111)-7ϫ7 can act as a template to bind covalently with some unsaturated organic molecules due to its suitable spatial arrangement of surface dangling bonds and unique distribution of electronic density on surface Si atoms.
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The Si(111)-7ϫ7 surface structure is schematically shown in Fig. 1 , based on the Dimer-Adatom-Stacking ͑DAS͒ faulted mode. 7, 8 Starting with three-coordinated Si atoms in every bulk-truncated unit cell of a (7ϫ7) dimension, the surface undergoes a complicated reconstruction, decreasing the number of dangling bonds in a unit cell from 49 to 19 . These dangling bonds consist of 6 ''rest atoms,'' 12 ''adatoms,'' and 1 ''corner hole.'' In fact, the most complicated and important is the redistribution of 19 electrons accompanying the spatial reconstruction of surface Si atoms. Upon reconstruction, each rest atom has a charge of Ϫ1, but ϩ 7 12 for every adatom. The great difference in electron density and the spatial separation ͑ϳ4.5 Å͒ between the adjacent adatom and rest atom make them an efficient di-radical in the covalent attachment of unsaturated organic molecules. [3] [4] [5] [6] Earlier studies in this area mainly focused on the binding of ethylene, 9, 10 acetylene, [11] [12] [13] benzene, 14, 15 and chlorobenzene. 16, 17 Experimental results and theoretical calculations suggest the ͓2ϩ2͔-like cycloaddition mechanism 9 for molecules containing one CvC bond [10] [11] [12] [13] and ͓4ϩ2͔-like cycloaddition pathway 14 for dienelike molecules. [15] [16] [17] Recently, the attention is being directed towards the reactivity and selectivity of five-membered heterocyclic aromatic molecules on Si(111)-7ϫ7. We showed that the radical nature of the electron-deficient Si dangling bonds plays an essential role in the ͓4ϩ2͔-like cycloaddition of thiophene on the Si(111)-7ϫ7 surface. 4 These studies demonstrated that the Si dangling bonds can be alternatively viewed as reactive ''free radicals'' involving in surfaceattachment reactions. Most recently, we have revealed the dimerization of adsorbed furan on the Si(111)-7ϫ7 surface. 5 This facile reaction is attributed to the recombination of pairs of adjacent mono-bonded complexes at low temperature, displaying the formation of new SiuC and CuC covalent bonds. For pyrrole on Si(111)-7ϫ7, 18 however, the adsorption behavior is distinctly different from thiophene and furan, possibly due to the presence of HuN bond in the molecule. Our studies showed that pyrrole adsorbs on Si(111)-7ϫ7 through the dissociation of NuH bond, forming pyrrolyl-covered Si surfaces. The aromatic ring retained at the organic/silicon interface may be used as a FIG. 1. ͑Color online͒ The top ͑a͒ and side ͑b͒ views of the detailed three-dimensional structure of an Si(111)-7ϫ7 unit cell on the basis of the dimer-adatom-stacking ͑DAS͒ faulted 7ϫ7 model. precursor for further modification of Si surfaces or materials syntheses through typical reaction of pyrrolyl including cycloaddition, ␣-H substitution reaction and polymerization.
N-methylpyrrole, a substituted five-membered heterocyclic aromatics is expected to present binding modes different from pyrrole on Si(111)-7ϫ7. Replacing the H-͑N͒ of pyrrole by CH 3 -(N) may open the ͓4ϩ2͔ or/and ͓2ϩ2͔ cycloadditions for N-methylpyrrole on the surface, providing the chemical flexibility in the selection of reaction pathway. Our investigation was carried out using a combination of high-resolution electron energy-loss spectroscopy ͑HREELS͒, x-ray photoelectron spectroscopy ͑XPS͒, scanning tunneling microscopy ͑STM͒, and density-functional theory ͑DFT͒ calculations. We found that N-methylpyrrole is attached covalently to the silicon surface with two concurrent binding configurations corresponding to ͓4ϩ2͔ and ͓2 ϩ2͔ cycloadditions with a ratio of ϳ60%:40%.
II. EXPERIMENT
The experiments were performed in three separate UHV chambers. All of them have a base pressure of Ͻ2 ϫ10 Ϫ10 Torr, achieved with turbomolecular and sputteredion pumps. The first UHV chamber was equipped with an x-ray gun ͑both Mg and Al anodes͒ and hemispherical electron energy analyzer ͑CLAM 2, VG͒ for XPS. The HREELS chamber mainly consists of a high-resolution electron energy-loss spectrometer ͑HREELS, LK-2000-14R͒ and a quadruple mass spectrometer ͑UTI-100͒ for gas analysis. The STM system includes a sample preparation chamber and the Omicron VT STM chamber.
For HREELS experiments, the electron beam with an energy of 5.0 eV impinges on Si(111)-7ϫ7 at an incident angle of 60°with a resolution of 5-6 meV ͓full width at half maximum ͑FWHM͒, 40-50 cm Ϫ1 ͔. XPS spectra were acquired using Mg K␣ radiation (hϭ1253.6 eV) and a 20-eV pass energy. For XPS, the binging energy ͑BE͒ scale is referenced to the peak maximum of the Si 2p line ͑99.3 eV calibrated for Au 4 f 7/2 ) ͑Ref. 19͒ of Si(111)-7ϫ7 with a FWHM of less than 1.2 eV. The constant current topographs ͑CCT's͒ of the clean and N-methylpyrrole-exposed Si(111)-7ϫ7 were obtained with a sample bias of V s ϭ1 -3 V and a tunneling current of I t ϭ0.15-0.2 nA at 300 K.
For HREELS and XPS experiments, the samples with a dimension of 8ϫ18ϫ0.35 mm 3 (3ϫ8ϫ0.35 mm 3 for STM experiments͒ were cut from n-type Si͑111͒ wafers ͑Phos-phors doped, with a resistivity of 1-30 ⍀ cm, 99.999%, Goodfellow͒. A Ta-sheet heater ͑0.025 mm thick, Goodfellow͒ was sandwiched tightly between two Si͑111͒ crystals held together by two Ta clips. A 0.003 in. W-5% Re/W26%Re thermocouple was attached to the center of one of silicon samples using a high-temperature ceramic adhesive ͑Aremco 516͒ for temperature measurement and control. Uniform heating of the samples was achieved by passing current through the Ta heater. This sample-mounting configuration allows us to resistively heat the samples to 1400 K and conductively cool them to 110 K using liquid nitrogen. The temperature distribution on the samples is within Ϯ10 K at 1000 K, determined using a pyrometer (ϭ0.74, TR-630, Minolta͒.
The Si͑111͒ sample was cleaned by repeated ion sputtering-annealing cycles ͑500-eV Ar ϩ bombardment for 30 min with an ion current density of ϳ5 A cm Ϫ2 and subsequent annealing at 1250 K for 20 min͒. The surface cleanliness was routinely monitored using XPS and HREELS. The (7ϫ7) reconstruction formed after the final annealing was confirmed using STM. N-methylpyrrole ͑Ald-rich, 99.5ϩ%͒ was purified by freeze-pump-thaw cycles and dosed onto Si(111)-7ϫ7 through a variable leaking valve without the calibration of ion gauge sensitivity.
III. RESULTS AND DISCUSSION
A. High-resolution electron energy-loss spectroscopy The vibrational signatures of physisorbed molecules are well in line with the infrared spectrum of liquid phase N-methylpyrrole 21 although the detailed assignments are not available.
The features of chemisorbed N-methylpyrrole ͓Fig. 2͑b͔͒, however, are different from the above-mentioned physisorbed molecules ͓Fig. 2͑a͔͒. The major difference lies in the CuH stretching region that is enlarged and clearly presented in the inset of Fig. 2 upon chemisorption. Another solid evidence for the direct interaction of (sp 2 )C atoms with Si surface dangling bonds is the appearance of a vibrational feature at 651 cm Ϫ1 assigned to SiuC stretching mode. 22 Moreover, the absence of the (SiuH) intensity at ϳ2000-2100 cm Ϫ1 in the present case readily excludes the formation of the -bonded species involving CuH bond scission and SiuH bond formation. 23 A schematic presentation of ͓4ϩ2͔-and ͓2ϩ2͔-like cycloaddtion reactions is shown in Fig. 3 . The fact that only a portion of C ␣ and C ␤ atoms of the molecule is directly involved in the covalent bonding with Si surface dangling bonds strongly suggests the involvement of the ͓2ϩ2͔-like cycloaddition between one of the two C ␣ vC ␤ bonds of the molecule and adjacent adatom-rest atom pair in chemisorption. Our HREELS result excludes the possibility of ͓4 ϩ2͔ cycloadduct as the sole product because the ͓4ϩ2͔-like addition between two C ␣ atoms and adatom-rest atom pair results in only C ␤ atoms with sp 2 hybridization. However, the concurrent occurrence of these two reactions cannot be ruled out based on the vibrational studies. To further resolve these possibilities, the chemical shifts of N 1s core level upon chemisorption were measured and found to be very helpful. Figure 4 shows the N 1s photoemission spectra of physisorbed N-methylpyrrole and saturated chemisorption molecules together with the deconvolution results. N 1s photoemission spectrum of physisorbed molecules contains a symmetric peak at 400.5 eV with a typical FWHM ͑ϳ1.2 eV͒ under our XPS resolution. This binding energy is consistent with the value ͑400.3 eV͒ of physisorbed pyrrole on Si͑100͒. 24 The slight difference of 0.2 eV is possibly resulted from the different electronic affinity betweenuthe CH 3 group of N-methylpyrrole and the H atom of pyrrole. Compared to Fig. 4͑a͒ , however, significant changes can be found in the N 1s spectrum of saturated chemisorption molecules ͓Fig. 4͑b͔͒. The N 1s feature is significantly broadened with a FWHM of 3.0 eV and an asymmetric flat-top shape which can be fitted into two peaks centered at 400.0 and 398.5 eV. The area ratio for these two peaks is 39% : 61%, approximately 2:3. The coexistence of two N 1s peaks with a large separation of 1.5 eV indicates that there are two chemisorption states with different electronic environments.
B. X-ray photoelectron spectroscopy
Although the nitrogen atom with lone pair electrons possibly acts as an electron donor to Si surface dangling bonds, the down-shift of N 1s core level of chemisorbed molecules compared to physisorbed N-methylpyrrole does not support such lone pair electrons transferring from N atom to the silicon surface. Thus the possibility of forming dative bond can be readily ruled out. This is understandable since the lone pair electrons are delocalized in the large aromatic system formed together with the four electrons of four C (sp 2 ) atoms. For this reason, in pyrrole/Si͑100͒ ͑Refs. 24 and 25͒ and pyrrole/Si(111)-7ϫ7 ͑Ref. 18͒ and N-methylpyrrole/ Si͑100͒ ͑Ref. 26͒ systems, dative bond is not observed.
In the ͓4ϩ2͔ cycloaddition reaction ͓Fig. 3͑a͔͒, the two C ␣ atoms rehybridizing from sp 2 to sp 3 are bonded to two Si atoms with a much lower electronegativity ͑Pauling electronegativityϭ1.90), enhancing the charge transfer from C ␣ to the N atom. In addition, compared to physisorbed N-methylpyrrole, the aromaticity of the ring is broken and the lone-pair electrons are totally localized on the N atom. Thus a lower N 1s BE at 398.5 eV upon chemisorption is attributable to the ͓4ϩ2͔-like cycloadduct.
In the ͓2ϩ2͔ addition product ͓Fig. 3͑b͔͒, however, only one C ␣ rehybridizes into C sp3 and directly bonds to Si atom, increasing the electron density on the N atom through the . The combined effects produce a slight down-shift ͑0.5 eV͒ of N 1s core level upon chemisorption. Based on the above discussion, it is reasonable to assign the N 1s peak at 400.0 eV to the ͓2ϩ2͔-like cycloadduct. Thus our XPS studies demonstrate the concurrent occurrence of the ͓2 ϩ2͔ and ͓4ϩ2͔ addition reactions for N-methylpyrrole chemisorption on Si(111)-7ϫ7.
C. Scanning tunneling microscopy
To further elucidate the nature of N-methylpyrrole chemisorbed on Si(111)-7ϫ7, STM was employed to investigate its site selectivity. Figure 5͑a͒ is the STM constant current topograph ͑CCT͒ of a clean Si(111)-7ϫ7 surface with a defect density of Ͻ1%, estimated by counting an area containing about one thousand adatoms ͑not shown͒. Figure 5͑b͒ is the STM image obtained after N-methylpyrrole adsorption in the same region as that of Fig. 5͑a͒ . The defects marked with arrow are used to identify the location of all the other adatoms before and after chemisorption. Compared to the clean Si(111)-7ϫ7 surface ͓Fig. 5͑a͔͒, the protrusions of one center adatom and three-corner adatoms in regions 1 and 2 ͑labeled with yellow cycles in Fig. 5͒ , respectively, disappear upon chemisorption. In addition, one-center adatoms and one corner adatom in regions 1 and 2 ͑marked with yellow squares͒ are dimmer after adsorption reaction. The darkened or dim adatoms in Fig. 5͑b͒ indicate the disappear- ance of the dangling-bond surface states and the elimination of electron density at these sites due to the chemisorption. The formation of darkened or dim sites, whose number increases with exposure, was also observed for the chemisorption of other small molecules on Si (111) 34 In all these systems, the darkening of adatoms in the STM images was attributed to the consumption of dangling bonds of adatoms to form new surfaceadsorbate bonds.
The images in Figs. 6͑a͒ and 6͑b͒ were taken at sample biases of ϩ1.5 and ϩ3.0 V, respectively, for Si(111)-7ϫ7 exposed with 6 L N-methylpyrrole at 300 K. Surprisingly, the image features vary significantly with bias. At the sample bias of ϩ1.5 V ͓Fig. 6͑a͔͒, some adsorbed molecules are clearly presented as darkened sites ͑chemisorbed state A, around solid blue squares͒ ascribed to the disappearance of the dangling bonds of these adatoms. In addition, a more careful observation seemingly suggests another possible adsorption state ͑B͒, labeled with green elliptic lines, appearing as slightly dimmer protrusions compared to unreacted adatoms in Fig. 6͑a͒ . Notably, the difference in brightness between adsorption state B and unreacted adatoms is small. In order to confirm the existence of adsorption state B, samplebias evolution technique was commanded.
At the sample bias of ϩ3.0 V ͓Fig. 6͑b͔͒, the feature corresponding to possible adsorption state B appears as much brighter protrusions compared to the unpassivated adatoms. The adsorption state A ͓the darkened sites labeled with blue solid squares in Fig. 6͑a͔͒ also brightens and displays as protrusions similar to those of unreacted adatoms. The distinctly different brightnesses of chemisorption state A at sample biases of 1.5 and 3.0 V may suggest that some unoccupied molecular orbitals at higher energy levels are readily accessible to the tunneling process. Similarly, the strong dependence of image features of chemisorption state B on the sample bias possibly indicates that even greater contribution of unoccupied molecular orbitals at high sample bias.
Chemisorption state A appears as darkened sites at low bias ͓Fig. 6͑a͔͒ and state B is characterized as much brighter protrusions than state A at high bias ͓Fig. 6͑b͔͒. By making use of these differences, statistical counting for the STM images of N-methylpyrrole-saturated Si(111)-7ϫ7 surface obtained at ϩ1.5 and ϩ3.0 V reveals that the ratio of reacted adatoms corresponding to chemisorption states A and B are 42%:58%, close to the ratio ͑39%:61%͒ from the XPS experiments. Therefore the chemisorption states A and B resolved by STM images may possibly be assigned to the ͓2 ϩ2͔ and ͓4ϩ2͔ cycloaddition products, respectively. A careful examination shows that the green circles contain a variable number of reacted adatoms aligned in rows ͓Fig. 6͑a͔͒. Although these sites are brightened at a bias of 3.0 V, some variation in their intensity can be noticed ͓Fig. 6͑b͔͒. These results imply the possible existence of attractive interaction between the ͓4ϩ2͔ cycloadducts.
Statistical counting of STM images can also provide information on the site selectivity for chemisorbed N-methylpyrrole at atomic resolution. The inspection of different exposures of N-methylpyrrole ͑Table II͒ manifests the preferential adsorption on the center adatom sites of faulted halves. The center adatoms are found to have a higher reactivity than corner adatoms in both faulted and unfaulted subunits. Besides, the adatoms in faulted subunits react preferentially over those in unfaulted subunits with a ratio of ϳ3:2 at low exposures as listed in Table II .
The higher selectivity of N-methylpyrrole on the faulted half of a Si(111)-7ϫ7 unit cell can be understood by considering the higher electrophilicity of faulted subunits. 27 On the other hand, the DAS (7ϫ7) model shows that reaction occurring at the corner adatom will strain two dimer bonds, while the reaction at the center adatom will encounter only one. Therefore a smaller strain induced by adsorbed N-methylpyrrole at a center-adatom site would result in a lower transition state, leading to a higher reaction rate at the center adatom sites.
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D. Theoretical calculations
The ͓4ϩ2͔-like cycloadduct is formed through a cycloaddition reaction between a conjugated diene and a ''dienophile,'' which in this case is the adjacent adatom-rest atom pair of Si (111) Fig. 7͒ , where the precision of atomic positions suffers the least from boundary effects. Capping H atoms at the cluster boundaries are kept frozen. Silicon atoms in the bottom double layers are placed at bulk lattice positions prior to the geometry optimization process, with each SiuSi bond length set to 2.3517 Å and all bond angles adjusted to 109.4712°. Cluster III (Si 9 H 12 ) was obtained from further reduction of cluster II. Similarly, all capping H atoms were frozen during geometry optimization. Clusters I, II, and III were constructed by us and successfully employed in predicting the adsorption energy of benzene on Si(111)-7ϫ7. 15, 40 Three modeling clusters for two configurations of ͓2ϩ2͔-like cycloadducts and one ͓4ϩ2͔-like addition product were constructed by the addition of C 5 H 7 N onto the mother cluster ͑cluster III of Fig. 7͒ .
Adsorption energy, synonymous to formation heat, is quoted here as the difference between the total energy of the adsorbate/substrate complex and the total sum of the substrate and gaseous N-methylpyrrole. The adsorption energies of different products were calculated at the DFT theory level using perturbative Beck-Perdew functional ͑pBP86͒ in conjugation with a basis set of DN** ͑comparable 6-31 G**). 41 Geometric optimizations were conducted under SPARTAN default criteria before calculations. The optimized configurations corresponding to ͓4ϩ2͔-like and ͓2ϩ2͔-like cycloadducts are presented in Fig. 8 . The calculated adsorption energies are tabulated in Table III . DFT calculation results show that the two possible ͓2ϩ2͔-like configurations have a similar adsorption energy, ϳ23 kcal mol Ϫ1 . However, this value is much smaller than that of the ͓4ϩ2͔-like addition product by ϳ15 kcal mol Ϫ1 . A similar trend is also predicted by the simple and low-cost semiempirical ͑PM3͒ calculation method. Although ͓4ϩ2͔ cycloaddition is energetically preferred compared to ͓2ϩ2͔ addition fashion, the coexistence of ͓4ϩ2͔ and ͓2ϩ2͔ cycloadducts from our experimental results suggests the surface reactions may be kinetically controlled. A ratio of 2:3 for ͓2ϩ2͔ and ͓4ϩ2͔ cycloaddition products implies a possible lower transition state for the ͓4 ϩ2͔ cycloaddition pathway due to the better geometric match between the ''diene'' of the molecule and the adjacent adatom-rest atom pair.
IV. SUMMARY
N-methylpyrrole is molecularly chemisorbed on Si(111)-7ϫ7 at 300 K. The covalent binding of the molecule with the surface through cycloaddition reactions was clearly demonstrated in our HREELS studies. The N 1s corelevel photoemission features of chemisorbed molecules suggest the coexistence of two chemisorption states corresponding to ͓4ϩ2͔ and ͓2ϩ2͔ cycloadducts, which was further confirmed in the STM studies. Statistical counting of STM images shows that the ratio between ͓4ϩ2͔ and ͓2ϩ2͔ cycloadducts is 42%:58%, close to the value ͑39%:61%͒ from the N 1s photoemission intensities. STM studies also reveal the preferential adsorption of N-methylpyrrole at center adatoms of faulted subunits. The chemisorption species formed on the surface may possibly be used as a precursor for further functionalization and modification of Si surfaces or as an intermediate for syntheses via the CvC bond. 
